In fifth-generation mobile communications systems (5G), grant-free non-orthogonal multiple access (NOMA) schemes have been considered as a way to accommodate the many wireless connections required for Internet of Things (IoT) devices. In NOMA schemes, both system capacity enhancement and transmission protocol simplification are achieved, and an overload test of more than one hundred percent of the transmission samples over conducted. Multi-user shared multiple access (MUSA) has been proposed as a representative scheme for NOMA. However, the performance of MUSA has not been fully analyzed nor compared to other NOMA or orthogonal multiple access schemes. Therefore, in this study, we theoretically and numerically analyze the performance of MUSA in uplink fading environments and compare it with orthogonal frequency division multiple access (OFDMA), space division multiple access-based OFDMA, low-density signature, and sparse code multiple access. The characteristics and superiority of MUSA are then clarified. key words: 5G, non-orthogonal multiple access scheme, multi-user shared access, uplink, orthogonal frequency division multiple access, LDPC code Eiji Okamoto received the B.E., M.S., and Ph.D. degrees in Electrical Engineering from Kyoto University in 1993, 1995, and 2003 In 1995 he joined the Communications Research Laboratory (CRL), Japan. Currently, he is an associate professor at Nagoya Institute of Technology. In 2004 he was a guest researcher at Simon Fraser University. He received the Young Researchers' Award in 1999 from IEICE, and the FUNAI Information Technology Award for Young Researchers in 2008. His current research interests are in the areas of wireless technologies, mobile communication systems, wireless security, and satellite communications. He is a member of IEEE.
Introduction
The demand for high capacity wireless access for a variety of devices and scenarios is rapidly growing. To accommodate those demands, the fifth generation of mobile communication systems (5G) has been standardized. In addition to next-generation mobile broadband, called enhanced mobile broadband (eMBB), 5G will also support two new scenarios for ultra-reliable and low-latency communications (URLLC) for automated factory control or autonomous driving, and massive machine-type communications (mMTC) for connectivity of Internet of Things (IoT) devices [1] , [2] . In the mMTC scenario, many IoT devices may transmit their small-size data to a base station with low energy consumption. Non-orthogonal multiple access (NOMA) schemes have been proposed as one of the 5G mMTC techniques [3] - [8] . In NOMA, one wireless resource is shared by multiple users, and their signals are non-orthogonally overlapped. Although their overlapped signals become interference to each other, this interference is suppressed by carefully designing both transmission waveforms in the transmitter and detection algorithm in the receiver, resulting in system capacity Manuscript enhancements greater than is possible with the orthogonal frequency division multiple access (OFDMA) scheme in 5G. That is, overloaded transmission of more than 100% in terms of the number of transmission samples is realized. Moreover, in uplink channels, a different channel condition in each user enhances the performance of user signal detection in the receiver. For mMTC, a grant-free transmission, where user equipment can begin to transmit data without an advanced two-way process of grant acquisition, is desirable because of the energy-saving requirement of IoT devices. As a grant-free NOMA scheme, multi-user shared access (MUSA) scheme has been proposed [6] , [7] . MUSA is a code-domain NOMA scheme. User signals are subject to overlapping and interference because of non-orthogonal code spreading, but user signal detection can be conducted with relatively low-complexity calculation by using serial interference cancellation (SIC) [9] . Although the performances of MUSA have been investigated in [6] , [7] , performance comparison between MUSA and other orthogonal and non-orthogonal schemes has not been fully studied. Therefore, in this study, we compare the performances of MUSA with orthogonal multiple access (OMA) schemes, such as OFDMA and space division multiple access (SDMA)-based OFDMA, and also NOMA schemes such as low-density signature (LDS) [4] and sparse code multiple access (SCMA) [5] in uplink channels under the same conditions. Then, the characteristics and advantages of MUSA transmission are theoretically and numerically clarified. Practical demonstrations of mMTC transmission by experiments are difficult at present because of the requirement for a large-scale experiment. A twenty thousand-scale device transmission in an mMTC scenario has been demonstrated by National Institute of Information and Communications Technology (NICT) [10] . However, in that demonstration, most of the devices are emulated. Thus, it is meaningful to analyze the performances of 5G mMTC by simulation. The new contributions of this paper are as follows: 1) Transmission performance of MUSA and other 5G schemes are analyzed by theoretical and numerical evaluation 2) Performance of grant-free transmission, which is an important factor in 5G mMTC, are clarified for various multiple access schemes, including MUSA In the following, an uplink MUSA transmission system is introduced in Sect. 2, and the system capacities of various multiple access schemes are compared in Sect. 3. Section 4 analyzes the calculation complexity of user signal detection Copyright © 2019 The Institute of Electronics, Information and Communication Engineers at the receiver. Numerical results of transmission performance are shown in Sect. 5, and conclusions are drawn in Sect. 6. Figure 1 shows the uplink MUSA transmission system. We consider the scenario in which IoT devices equipped with a single antenna transmit their data to a base station equipped with N r antennas. User j data (1 ≤ j ≤ J) are channelcoded by a low-density parity check (LDPC) code, and bitinterleaved. Then, they are divided into log 2 M bits where M is the digital modulation index, and are mapped into a complex symbol, e.g., if M = 4, QPSK mapping is used. Here, the transmitted data after division is denoted as b j = b 1j , · · · , b (log 2 M ) j , b l j ∈ 0, 1, and l = 1, · · · , log 2 M. The mapped complex symbol is denoted as u j , and u j is spread in the MUSA manner. Then, the transmission codebook x j = x 1j , · · · , x K j T is obtained, where T is a transpose function and K is the number of codebook samples. When J > K, overloaded transmission is conducted. The (4 × 12) code matrix used for MUSA spreading [6] in this study is given by
Uplink MUSA Transmission System
Then, the transmission codebook is obtained by
where g k j is the k-th row and j-th column component of G, and p j is the transmission power coefficient given by
Thus, in this study, equal power transmission among users is assumed. By adaptively changing this p j via base station control, greater variation in received power is obtained at the base station, and the performance of SIC can be increased to the same level as the power-domain NOMA [3] . However, this is outside of the scope of this study. Each column and row of G corresponds to the transmitting user and the transmission sample, respectively. Thus, using (1), 12 user overloaded transmissions with 4 sample spreads are available. For example, the spread of transmission u 1 by user 1 is obtained by multiplying each sample of first column in (1) to u 1 , and four sample codebook x 1 is obtained. In MUSA, because each column of G is different from the others, the transmitting codebook of each user is different, even in overlapped transmission. Because of this property, the performance of SIC improves at the receiver. Further, in an uplink, because the channel coefficients of each user are usually different, the performance of user signal detection is improved. To perform SIC-based user signal detection, the channel coefficients and the column vectors of code matrix G of all transmitting users are needed. The detection performance of MUSA depends on this code matrix design. As shown in Fig. 1 , the transmission codebook x j is allocated in the frequency direction, transformed into the time domain by inverse fast Fourier transform (IFFT), and then multicarrier transmission is conducted after a guard interval insertion.
At the receiver, the received signals, in which transmitted signals from users are non-orthogonally overlapped, are transformed into the frequency domain by FFT after the guard interval deletion. The received signal at the r-th receiving antenna of the base station in the frequency domain is given by
where 1 ≤ r ≤ N r . y (r ) = ( y 1 , · · · , y K ) and n (r ) = (n 1 , · · · , n K ) are the received signal and the noise vectors, respectively, and h (r )
is the frequency-domain channel vector between user j and the r-th antenna of base station. y (r ) is also given in the matrix form by
Next, the signal-to-interference-plus-noise ratio (SINR) of each user is calculated from the received signal using the channel vector and the code matrix. Then, the SINRs are sorted in descending order, and the user having the best SINR is chosen. That user signal is detected after channelequalizing in the frequency domain with the signal-to-noise ratio minimum mean squared error (SNR-MMSE) criterion equalizer. In particular, the soft-value symbols after equalization are deinterleaved and handed to the LDPC decoder as input. At the same time, that soft-valued symbol is demapped by an M-ary hard decision decoder, and its replica is subtracted from the received signal by SIC. Then, the detection of the next user is conducted until all user detection is completed. Here, the user sort by SINR in descending order is conducted every time after each user SIC operation is done [11] . If the outer channel code is not concatenated, the M-ary hard decision bits are treated as the decoded result.
The detection algorithm is described in the following. 1) Initialization: Let y 0 = y (1) 0 , · · · , y (N r ) 0 = y (1) , · · · , y (N r ) . the number of SIC iterations is set to i = 1.
2) Let ( j 1 , · · · , j J−i+1 ) be the (J − i + 1) user group before detection and elimination by SIC. Calculate the (N r K × (J − i +1)) equivalent channel matrix H c , including the spreading of (1), and the ((J −i +1) × N r K ) MMSE equalization weight matrix W as
Here, • in (5) is the Hadamard product, g j i is the j i -th column of G, N 0 in (6) is the complex-domain noise variance at the receiver, and I N r K is the N r K-degree unit matrix.
3) The SINRs of all users are calculated using the diagonal elements of WH c [11] , and the highest SINR user j b is selected as the target user of SIC. 4) MMSE equalization is conducted bŷ
and the decoding resultû j b of user j b is obtained. 5) The codebook replica x j b is calculated fromû j b and SIC is conducted by
If the outer channel decoder is concatenated, the second term of right hand side in (8), diag h (r ) j b x j b , is handed to the decoder as the soft replica signals. 6) Set i → i + 1, and if i ≤ J, then go to 2).
7) End.
Throughout in this paper, it is assumed that the selection of codebook at each user and the channel are correctly informed to the base station via preambles even in an overloaded case, to focus on codebook performance analysis. That is, the preamble assignment from the base station is assumed not to be collided even in the overloaded transmission. In this case, the base station can conduct the user detection correctly, but the user signal detection is a matter due to overlapped codebook reception.
Performance Comparison of MUSA by Sum Capacity
The constellation-constraint sum capacity of codebooks in an overloaded MUSA scheme is considered. Here, N r = 1 is assumed for simplicity because the number of transmission antennas in this study is one. The mutual information in the received transmission signals is given by [12] - [14] I X; y (1) 
Here, if χ j is the codebook set of user j, χ j = M, and X a , X b ∈χ,χ = χ 1 × · · · × χ J . However, because the calculation complexity of (9) diverges, the mutual information can be approximately calculated under the assumption of h (1) k j 2 = 1 using the lower limit equation [15] , given by I X; y (1) 
This mutual information is referred to as the sum capacity of NOMA [14] . The sum capacities of MUSA and other schemes using (10), where M = 4, K = 4, and J = 6, are plotted in Fig. 2 . In the figure, OMA is a four-sample, four-user OMA scheme with QPSK mapping. In MUSA, the six-user transmission with fixed column spreading from 1st to 6th in (1) is labeled as "MUSA1-6", and grant-free, six-user transmission using a random column from the 1st to 12th in (1) is labeled as "GF-MUSA." "PAM" is a pulse amplitude modulation, and "Random codebook" is an SCMA transmission using complex random samples with a summation of average power of one. In LDS and SCMA, a 4 × 6 overloaded indicator matrix [4] , [5] is used, where two of four samples are non-zero. That is, the row weight d c is two in the indicator matrix. One column is used for one user in a grant-type transmission without the label "GF," and GF-LDS and GF-SCMA are grant-free transmissions where each user randomly chooses any column x j of the indicator matrix. Furthermore, in SCMA, the rotation of mother constellation in codebook design is set to θ = π/4 [16] . The upper bounds of the sum capacities become 12 bits/symbols because of the overloaded transmission in NOMA, and 8 bits/symbols in OMA.
From the results of Fig. 2 , it is evident that MUSA1-6 has the largest capacity, even though the transmission power of x j is normalized to one in all schemes. This is because the column G in (1) has all non-zero samples from first to fourth row, which increases the capacity, while other non-orthogonal schemes are sparse transmission with null samples, and the capacity is relatively lower. On the other hand, if all samples are non-zero, the overlapping of the received samples increases at the receiver, and it exponentially increases the decoding complexity for (quasi-) maximum likelihood sequence estimation (MLSE) decoding. This is a trade-off between the sum capacity and the decoding complexity in MLSE. Then, MUSA exploits the SIC-based lowcomplexity user detection described in Sect. 2.
Comparison of Detection Complexity
We consider the complexities of user signal detection at the receiver in these access schemes. Table 1 shows the calculation order of user signal detection in one block of K samples, and the number of searches required to obtain all users' demapping from the received vector y 0 . Here, d c is Table 1 Required complexity for user signal detection at the receiver. the row weight of the LDS and SCMA indicator matrix as described in Sect. 3, and I r is the number of message passing algorithm (MPA) iterations. It can be seen that the dominant calculation order comes from an inverse matrix operation in MMSE-criterion equalization [17] in OMA using a linear equalization, and MUSA. In SDMA-OFDMA, where N r users are spatially multiplexed, and in OFDMA, it is relatively small according to N r in each subcarrier. In MUSA, a fourth-order calculation according to J and K in addition to N r is required because the MMSE equalization for the user having the maximum SINR is conducted on the whole y 0 at first, and it is iteratively conducted for (J − 1)times. Alternatively, in LDS and SCMA, the calculation magnitude comes from the MPA, and is exponential to d c , which is the number of overlapped users [18] . Similarly, when a maximum likelihood decoding (MLD) is used for SDMA-OFDMA, the calculation complexity becomes exponential to J. The number of demapping searches becomes M J for algorithms other than the MPA and MLD, and it becomes proportional to M d c as in the calculation magnitude of the MPA, because exhausting search is required to calculate the log likelihood ratios (LLRs) of all users. Moreover, it linearly increases according to the number of MPA iterations I r . Thus, from Fig. 2 and Table 1 , it can be concluded that MUSA achieves high-capacity overloaded transmission differently than OMA, and that the detection in the receiver is of lower complexity compared with that of LDS and SCMA.
Numerical Results
We evaluated the performance of average bit error rate (BER) on all users, packet error rate (PER), and the normalized system throughput in the uplink channel under the conditions of Table 2 by numerical simulation. Here, one LDPC codeword is defined as one packet for PER calculation. The number of transmission and reception antennas were 1 and N r = 2, respectively. K = 4 was used as one codebook block. As the conventional orthogonal schemes, OFDMA, in which one subcarrier is allocated to one user, and SDMA-OFDMA, in which the degree of freedom of two antennas are used for two-user spatial multiplexing, are considered. The number of users of OFDMA and SDMA-OFDMA are 4 and 8, respectively. In addition, 150% overload transmission of six users on four samples in LDS and SCMA was conducted using a (4 × 6) indicator matrix. The detection algorithm used for LDS and SCMA was the MPA with I r = 15 iterations [19] . In MUSA, twelve-user multiplexing on four samples with the code matrix from (1) is considered. Multicarrier transmission using FFT is adopted, and the numbers of subcarriers were 64 and 2048 in uncoded and coded transmissions, respectively. Users were uniformly distributed in a 500 m-radius hexagonal single cell, and inter-cell interference was not considered. The user position was randomly changed for every orthogonal frequency division multiplexing (OFDM) frame transmission. The channel was assumed to be an additive white Gaussian noise (AWGN) channel and a mobile channel, taking into account the path-loss, shadowing, and fading. The SNR difference between cell-edge and cell-center users become 43.3 dB when the antenna height is 30 m. The outer channel code was a rate-1/2 LDPC code, and the decoding was conducted using a sum-product algorithm with a maximum 50 iterations. One outer turbo iteration was conducted in LDS and SCMA only. Figure 3 shows the BER performances in the fading channel when the outer channel code was not concatenated. It can be seen that the BER improves in the order of LDS/SCMA, SDMA-OFDMA-MLD, overloaded SDMA-OFDMA-MLD, SDMA-OFDMA, OFDMA, and MUSA. Because of the high computational cost, quasi-MLSE scheme of the MPA, the best BER is realized in LDS and SCMA. The second and third best BERs are obtained in SDMA-OFDMA-MLD schemes without and with overloaded transmission, because of the MLD algorithm with a large calculation complexity. In MMSE-based OFDMA, because N r = 2, orthogonal single-input multiple-output (SIMO) transmission is realized. In SDMA-OFDMA, the channels of eight users fluctuate according to user distribution, the performance of MMSE equalization improves, and the BER is slightly better than that of OFDMA, where four users are distributed. The BER of MUSA improves with the SNR increase, which shows that user signal detection was correctly done. However, because non-orthogonal 300% overloaded transmission for 12 users and 4 samples, and SIC-based detection are used, the BER degrades more due to multiuser interference compared with other schemes. Next, Fig. 4 shows the BER performances in an AWGN channel. The horizontal axis in this figure is set to E b /N 0 to obtain a raw performance in the AWGN channel. Because OFDMA is an orthogonal transmission, the BER coincides with the theoretical QPSK curve with two-antenna reception. Although LDS and SCMA are non-orthogonal overloaded transmissions, a good BER is obtained because of the strong detection ability of the MPA. In contrast, in SDMA-ODFMA and SDMA-OFDMA-MLD, the components of the virtual 2 × 2 (or 3 × 2) multiple-input multipleoutput (MIMO) channel with two (or three) users become one, and MIMO multiplexing cannot be conducted because the rank of the channel matrix is reduced to one. Thus, the BER is severely degraded. Similarly, in MUSA, because the SINRs of all users become the same, a sufficient power difference cannot be obtained by the spreading of (1). Thus, the performance of SINR-ordered SIC is severely degraded, and the BER degrades. Therefore, it was confirmed that MUSA and SDMA-OFDMA relied on channel fluctuation between users, and this was a necessary condition.
In the following, we evaluate the performances of LDPC coded systems. Figure 5 shows the PER and the normalized system throughput performances in fading channels. Here, the throughput is normalized to an error-free OFDMA transmission, that is, it becomes one when one user correctly transmits data at one subcarrier. In Fig. 5(a) , it is confirmed that the performance of LDS and SCMA with MPA detection is the best in the trade-off with increased calculation complexity. The performances of SDMA-OFDMA and OFDMA are also good in this figure, as well as Fig. 3 . However, when evaluating Fig. 5(b) , the performances are different because of the difference in the number of transmission users. The throughput of LDS and SCMA is saturated at 1.5 (150%), while that of SDMA-OFDMA reaches 2.0 at about 5 dB of average SNR at the cell edge. Furthermore, at an SNR higher than approximately 7.5 dB, the throughput of MUSA is the best (at 3.0) because of its highly overlapped property. Here, it was confirmed that the capacity enhancement of MUSA is effective in the region of relatively high SNR. In contrast, from the result of Fig. 5(b) , he OMA utilizing SDMA is effective in the region of mid-level SNR, and high performance detection is obtained by LDS and SCMA in the region of low SNR in the trade-off with calculation complexity.
Next, to obtain the fair comparison at the same transmission efficiency, the performances in which the maximum normalized system throughput was aligned to 2.0 were compared. Figure 6 shows the PER and the system throughput performances versus average SNR at cell edge per receiving antenna. Here, the performance of SDMA-OFDMA is the same as Fig. 5 , the numbers of users are reduced or increased to eight in MUSA, LDS, and SCMA, and the modulation of OFDMA changes to 16QAM. In MUSA, the left eight columns are selected for eight user transmission. In LDS and SCMA, six users use different codebooks and additional two users choose two of six overlapped codebooks. From the results, it can be seen that the PER performances in Fig. 6 (a) are similar to that in Fig. 5(a) , but the throughput performance of MUSA in Fig. 6(b) is relatively degraded. Because the PER of MUSA in Fig. 6(a) is almost the same as that of Fig. 5(a) , it can be said that the advantage of MUSA appears at a high overloaded case. Then, we evaluate the performances of the LDPC-coded system with grant-free transmission. Here, in GF-MUSA, each user randomly selects any one column of (1) without harmonizing with other users and transmits his data. If the same column is selected by more than two users, the same codebook or a similar codebook with a different QPSK mapping phase is sent. However, because the channel is different from that of other users, user signal detection is still presumed possible to a certain extent. In GF transmission, it is assumed that the selected column is known to the base station via an advanced preamble, such as sounding reference signals (SRSs) or demodulation reference signals (DMRSs) [20] , [21] . Similarly, in GF-LDS and GF-SCMA, any one column in the indicator matrix is randomly selected [22] . In GF-OFDMA, any one subcarrier is randomly selected by each user. However, there is no means of migration for multiuser interference in OFDMA, and the transmission performance severely degrades when more than two users are overlapped in the same subcarrier. Figure 7 shows performance versus the number of transmitting users when the average SNR at the cell edge is 16 dB. Naturally, we can see that the performance of GF-OFDMA with more than two users is severely degraded because multiple users are some- times overlapped in the same subcarrier. In GF-OFDMA and GF-MUSA at 25 users, the PER is over 0.95 and the normalized throughput becomes less than 0.3. In GF-LDS and GF-SCMA, the PER becomes almost error-free in this simulation condition, and the normalized throughput of Fig. 7(b) increases linearly. It is expected that the error-free user signal detection continues to a certain extent because of the strong MPA ability. However, as shown in Table 1 , the detection complexity exponentially increases according to the number of users, and the detection latency becomes considerable in the case of eight users or more. From Table 1 , the number of constellation searches becomes 7.9 × 10 6 in GF-LDS and GF-SCMA, while it is 32 in other schemes when M = 4 and J = 8, and all users are overlapped in GF transmission. Therefore, approximately 10 user transmissions is the upper limit in MPA detection. On the other hand, in GF-MUSA, many user transmissions can be conducted with low detection complexity, and in addition, the normalized system throughput monotonically increases to 3.04 until the number of users is 18. Thus, it is shown that MUSA has an advantage for OFDM, LDS, and SCMA when the number of transmitting users is large. Here, it is found in Fig. 7(a) that the PER of GF-MUSA does not monotonically increase for the number of users, and the PER at one user is about 0.15, while it is below 0.01 in Fig. 5(a) of grant-based transmission. It comes from the selection problem of the spreading code groups in (1) . In GF-MUSA transmission, the selection probability of each column in (1) is approximately but not strictly 1/12, and then, sometimes large interference groups or weak spreading-effect group is chosen. Thus, not only the spreading matrix design but also code pairing are important for MUSA.
In conclusion, it is clarified that MUSA has performance advantages compared to other OMA and 5G schemes under conditions of high SNR and many overlapping users. In other situations, LDS and SCMA may be candidate for low SNR regions, and orthogonal transmission may become a candidate in mid-level SNR regions with a small number of users. When the number of reception antennas is more than two, SDMA-OFDMA is suitable in terms of transmission performance and the detection complexity.
Conclusions
In this paper, we clarified the performance of MUSA by calculating and comparing its characteristics with other 5G orthogonal and non-orthogonal schemes in AWGN and uplink fading channels. MUSA realizes many-user transmission with low detection complexity by utilizing SIC. Theoretical analysis and numerical results supported these properties. It has been clarified that the channel capacity of MUSA is the best thanks to non-zero code spreading, and that the advantages of MUSA are most strongly evidenced in the scenarios of high SNR and many-user transmission. Thus, MUSA is suitable for 5G mMTC.
